The distribution of fallout 137 Cs in soil samples of the Rio de Janeiro State was investigated. Two-hundred sixty-two samples of soil were analyzed for 137 Cs by gamma spectrometry. A reference data set was built containing thirty-six detected values (14%) and two hundred twenty-six (86%) multiple detection limits of non-detected observations. Distribution pattern of the radionuclide, as well their controlling factors were evaluated based on statistical methods for censored data set (with non-detected observations). Cs concentrations tend to be higher in soils with high levels of organic matter and clay and locations with high levels of these parameters would provide higher Cs fixation. No influence of the rainfall index and soil pH on the Cs content in soil was observed. The data and information gathered in this study provide valuable information for decision making purposes in case of soil contamination.
INTRODUCTION
The testing of nuclear weapons introduced in the environment man-made radionuclides, which were widely scattered in the atmosphere, and deposited on the entire surface of Earth.
Although in a regional scale, the nuclear accidents, as Chernobyl and Fukushima, also spread 2 man-made radionuclides in atmosphere and on the ground. Nuclear power plants also routinely release man-made radionuclides to the environment, nonetheless in a controlled way. Among the man-made released radionuclides, 137 Cs is one of the most important [1] .
Due to its chemical characteristics, 137 Cs is strongly adsorbed on soil particles and, in consequence, its mobility in soil depends largely on physical processes [2] . Nevertheless, 137 Cs mobility can be affected by some characteristics of the soil. The element is nearly immobile in soils with high clay or organic matter content, thus making it difficult to move to deeper layers. [3, 4, 5] . Because of its low mobility, some studies have showed that the distribution in undisturbed soil decreases exponentially with depth [6, 7, 8] . However, in agricultural soils 137 Cs tend to exhibit a uniform concentration in the arable layer due to ploughing [9, 10] . As a consequence of its limited migration, 137 Cs is used on studies to quantify the erosion of soil [3, 11] .
The distribution of 137 Cs spread on the Earth crust is not homogeneous. As few atomic tests were carried out in the southern hemisphere, the highest concentrations of 137 Cs in soil are found mainly in the middle and high latitudes of the northern hemisphere and in the central area of Australia [3, 12, 13] . According to UNSCEAR [14] , around 25 per cent of the total 137 Cs released by the testing of nuclear weapons and other atmospheric emissions were deposited in the southern hemisphere, while the prediction of the distribution of global inventory for 137 Cs for the equatorial region is to reach the minimal values.
Although many studies have been conducted to establish the 137 Cs baseline in the northern hemisphere, the southern hemisphere studies are still scarce [15] . In Chile, the radionuclide deposition density was higher than the predicted to the hemisphere and similar to that found in Europe, ranging from 450 Bq.m -2 to 5410 Bq.m -2 [16, 17, 18] . No dependence between concentration values and geographic location was found, but of the average annual rainfall. Labrecque et al. [19] found concentrations of 137 Cs in Venezuelan soils varying between 16.3 and 30.8 Bq.kg -1 , which are considered anomalous (high) for the region that is located near the equator. These high concentration values were attributed to the high annual rainfall and to the organic soils of the area.
3
Levels of background and baseline on distribution of radioactivity in soils are performed worldwide with the aim of providing useful information to assess human exposure to radiation, epidemiological studies and to building a "reference" database that can be useful to evaluate changes of environmental radioactivity caused by nuclear, industrial or other human activities [20] [21] [22] [23] [24] [25] . In this context, the knowledge about the relationship between levels of 137 Cs in soils and environmental variables may provide valuable information about the region vulnerability to contamination, which are good sources of information for decision making purposes in case of soil contamination.
Most of 137
Cs surveys carried out in Brazilian soils aimed to study erosion rates [26] [27] [28] [29] [30] .
As results of these studies, undisturbed soils showed concentration values of 137 Cs ranging between 0.3 and 5.2 Bq.kg -1 . A comparison among soils from different latitudes showed that the 137 Cs deposition increases with the distance from the equator: as farther from the equator, as higher is the 137 Cs deposition, which endorsed the information provided by SCHULLER et al.
[ [16] [17] [18] and HANDL et al. [15] . Cs accumulation, the relationships between 137 Cs and the main characteristics of environment (rainfall) and soils (pH, organic matter and granulometry) that are reported as influencing 137 Cs accumulation on soil, were studied.
MATERIAL AND METHODS

Study Area
Rio de Janeiro is a state located in the Southeastern region of Brazil, with about 43,000 Paraíba do Sul River regions [35] . The climate types are classified as Aw, Am, Af, BSh, Cfa, Cfb, Cwb e Cwa, according to Köppen System [36] .
Sample collection and laboratory analyses
Following the methodology established by CONAMA [31] , this study analyzed a total of 262 samples of top soil (0-20 cm) that were collected by Lima [37] in undisturbed areas to stablish quality reference values of toxic metals. The sampling points were selected on the basis of a joint analysis of maps of soils, geology, land cover and use of the State of Rio de Janeiro, all on scale 1:500,000, covering a wide state area. The superimposition of maps was carried out using the program ArcGIS Desktop 10, produced by ESRI, and to obtain the sampling points it The granulometry quantification (sand, silte and clay), pH in H2O and organic matter were determined in accordance with the methodology described by DONAGEMMA et al. [40] . The radionuclide 137 Cs concentration was measured by the gamma ray line of 661.6 keV.
The background radiation spectra were measured for 230,000 seconds to decrease the uncertainty. The detectors were calibrated in the 300 ml geometry with a standard aqueous 
Statistical Analyses
Environmental data sets commonly contain analytical values that are lower than limits deemed reliable enough to report as numerical values [41] . The Minimum Detectable Concentration (MDC), also denoted by detection limit (DL), is the lowest concentration of a chemical that a particular protocol or methodology is capable of consistently quantify. Due to the Descriptive statistical analysis and distribution and comparison tests have been specially developed for multiply censored data set, and have been employed for environmental statistics [42, 43] . Basically, three data-analysis procedures are available for multiply censored data [42, 44] : i) Simple-Substitution Methods: recommendations are to replace the ND with half of the DL (DL/2), DL/10 or by the DL value itself, but this replacement is known to cause a frequency spike at that value [45] . Since any single value between zero and the DL is arguably as good as another, simple substitution method, particularly when used on multiply censored data, may introduce a signal that is not present in the data, or obscure a signal that is present. In consequence, this method is considered to be the least precise method [47, 48] . ii) Parametric
Methods that require sufficient data to validate the use of a specific distributional model -a requirement that is difficult to meet with small multiply censored datasets and iii) Nonparametric
Methods. Maximum likelihood estimation (MLE), regression on order statistics (ROS) and
Kaplan-Meier are the methods most often cited in the literature for handling non-detect values.
The regression on order statistics (ROS) is a probability plotting and regression procedure that models censored distributions using a linear regression model of detected concentrations versus their normal quantiles. The regression line is used to fill in values imputed from the straight line for the data below the detection limit.
Nonparametric distributional modeling, such as methods based on Kaplan-Meier statistics, do not require the assumption of a specific distribution to estimate summary statistics for multiply censored datasets. This least procedure is the one adopted by the ProUCL software From a theoretical point of view, ProUCL can compute various statistics based upon data sets consisting of at least 3 detected observations [49] .
The maps of sampling points and of 137 Cs distribution were performed with the use of the free software Qgis v.2.12.2 Lyon [50] , which is free to download.
RESULTS AND DISCUSSION
Cs concentrations in Rio de Janeiro soils
The data set comprises two hundred and sixty-two samples, in which the values of concentrations of 137 Cs varied between <0.2 and 4.23 Bq.kg -1 . From the data set, thirty-six samples (14%) were detected values and two hundred twenty-six (86%) were multiple detection limits of non-detected observations.
Tough the same counting geometry (300 ml) and time were used to analyze all the soil samples, to carry out the analysis of such big number of samples in a shorten time, six gamma detectors were used. Considering that each sample has its specific density and each detector has its efficiency of counting for 137 Figure 2 shows the distribution of the detected values of 137 Cs concentration in soil of Rio de Janeiro. Influence of rainfall index, organic matter, clay and pH in 137 Cs soil concentration.
As described before, some environmental parameters have been pointed out by others authors as having influence on 137 Cs concentrations in soils, as the rainfall index, pH, organic matter and clay contents. These parameters were counterpoise to 137 Cs levels in soil. For the comparison among the data sets, only those populations with more than 3 detected data were statistically evaluated.
Rainfall index-The deposition of 137 Cs fallout has been described by other studies as directly related with rainfall. This way, regions with high rainfall index would present higher 137 Cs in their soil [3, [7] [8] [9] [10] The state regions have different rainfall index, varying between 1805 -2202 mm of the Centre South region and 766 -946 mm of the North region, table 1 [35] . Figure 3 shows a visual comparison among the data sets of the State´s region. comparison with multiple Q-Q plots showed that the upper halves of the "High" and "Low" data sets are quite different ( figure 5 ). "High" group has generally higher values than the "Low"
group. On the other hand, the "mean or medium" group showed many values compatible with the "Low" data set, but high values compatible with the "High" data set were also observed. pH -Quantitatively, the degree of acidity of the soil is identified as neutral, with pH around 7;
slightly acidic, with a pH between 6.0 and 7.0; moderately acid pH between 5.5 and 6.0; strongly acidic pH between 5.0 and 5.5; very acid, pH 4.5 to 5.0; and extremely acidic pH less than 4.5 [51] . According with this degree of acidity, most of the soil samples, 29%, were soil moderately acidic, 26% were strongly and 26% very acidic soils, 11% were slightly acidic, 4% extremely acidic and 3% neutral. The statistical test showed that the means/medians are compatible. Also, no influence of the degree of acidity over 137 Cs level in the soils was observed by visual comparison with Q-Q multiple plots. Clay -As the content of clay was pointed out as an important factor for immobilizing 137 Cs on soil [3] [4] [5] , the samples were grouped into intervals of clay content according to the following criteria (http://www.pedologiafacil.com.br/textura.php): 0-15%, sandy (37 samples); 15-35%, mean (149); 35-60%, clayed (73 samples) 60-100%, very clayed (3 samples). According with the statistical test for data sets with Non-Detects, no statistical differences were found among the content of clay groups. However, the visual comparison with multiple Q-Q plots showed that the upper halves of the "Clayed" and "Mean or Medium" data sets are compatible, but both are moderately different from the sandy group. "Clayed and Medium" groups had higher values than the "Sandy" group ( Figure 6 ). 137 Cs was analyzed in two-hundred sixty-two samples of soil collected over all state of Since the higher concentrations of 137 Cs was observed in the soils with high content of organic matter and medium and high content of clay, a trend of influencing of the two parameters on the fixation of 137 Cs on soils was pointed out. And in consequence, the fixation of 137 Cs would not be favorable for soils with low content of organic matter and clay. Therefore, we suggest that specific studies focused on Cs accumulation on Rio de Janeiro soils are performed to verify this trend and provide useful information for decision-making in case of accidents. No influence was observed of the rainfall index and pH on the 137 Cs content in the Rio de Janeiro soils.
CONCLUSION
Finally, it is important to note that, despite the high number of undetected values, this study provides valuable information about the occurrence and behavior of 137 Cs in the soil of Rio de Janeiro State and in the Southern hemisphere.
